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Abstract 
We verify a fast and simple analytical model for locally contacted rear surface passivated solar cells by three 
dimensional numerical simulations. For low level injection conditions the analytical model shows good agreement 
with the numerical results. For intermediate injection levels and for the injection dependent bulk lifetime in oxygen 
contaminated silicon, the present analytical model deviates from the numerical results. The accordance clearly 
improves when including injection dependent recombination and conductance in the analytical model. For 
intermediate to high injection levels, it is crucial to implement additional corrections for injection effects, being 
emphasised by the low recombinative front side and bulk material of the device structure investigated in this work. 
When accounting for these deviations from low level injection, analytical modelling turns out being a fast way to 
predict the optimum contact spacing as well as the electrical parameters of locally contacted rear surface passivated 
solar cells even for intermediate injection conditions. 
 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientific 
committee of the SiliconPV 2012 conference 
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1. Introduction 
For solar cells with locally contacted rear surface, analytical modelling is a simple way to optimize 
required parameters as the metallisation fraction and the size and distribution of the local contacts as well 
as to predict the influence of material and device properties on the cell parameters. Analytical modelling 
 
* Corresponding author. Tel:  +49-761-4588-5653; fax: +49-761-4588-9250 
E-mail address: achim.kimmerle@ise.fraunhofer.de 
Vailable online at www.sciencedirect.com
 2012 Published by Elsevier Ltd. Sel ction a d peer-revi w under r sponsibility of the scientifi c committee of 
the SiliconPV 2012 conference. Open access und r CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
220   A. Kimmerle et al. /  Energy Procedia  27 ( 2012 )  219 – 226 
represents a fast and easy approach by omitting time consuming, complex, multidimensional numerical 
simulations. In this work we validate a recently published analytical model for locally contacted rear 
surface passivated solar cells [1] by comparison with three dimensional numerical simulations. The 
analytical model from Ref. [1] is valid for low level injection (LLI) conditions. Devices exhibiting well 
passivated surfaces and high bulk lifetimes may reach intermediate or even high injection level conditions 
under one sun illumination at open-circuit (OC) and maximum power point (MPP) [2]. Here we present 
an adaption of the analytical model for injection dependent modelling as well as first adjustments of the 
analytical model to account for deviations from low level injection conditions.  
2. Comparison of analytical and numerical modelling 
To validate the analytical model we perform a comparison with the three dimensional device simulator 
Sentaurus Device [3] using identical models for  
 
x Auger recombination: Dziewior and Schmid as stated in Ref. [4] 
x Carrier mobility: Klaassen model [5, 6, 3] 
x Band gap narrowing: Schenk model [7] 
x Intrinsic carrier concentration ni,0 =  9.65·109 cm-3 at 300 K [8] 
 
The stabilised electron lifetime at an injection density of 'n = 0.1·NA for the Shockley-Read-Hall 
(SRH) recombination at boron-oxygen defects in silicon of interstitial oxygen concentration [Oi] and 
boron doping concentration NA is [9, 10] 
                   (1) 
 
The previously published, classical analytical model from Ref. [1] applies Eq. (1) for the LLI carrier 
lifetime, whereas in the numerical simulation, the Shockley-Read-Hall (SRH) recombination is calculated 
injection dependent by assuming a defect energy level of Et = EC – 0.41 eV [11] and a symmetry factor 
k = Wp0 / Wn0 = 9.3 [11], leading to Wn0 = 1.1 / 2.03 Wd. 
For the rear side of the device, parameterisations of the LLI surface recombination velocities (SRV) for 
the metallised area smet as well as for the passivated surface spass are assumed, representing literature 
values for laser fired contacts [12]: 
 
                 (2) 
 
 
 
with S0 = -900 cm/s, D = 22.1 cm/s, E = 1.29∙10-16 cm3 and N0 = 3.4∙1016 cm-3 and for thermal oxide 
passivation [13] 
 
        (3) 
 
 
Here the subscript n, p labels the recombination velocity for electrons or holes, respectively. For the 
recombination at the back surface, the numerical model applies the injection dependent SRH formula [4] 
 
             (4) 
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Here the hole density p = NA + 'n, the electron density n = 'n and n1 = p1 = ni is applied assuming one 
sort of trap mechanism in the middle of the band gap.  
The analytical model applies the effective SRV for LLI conditions [14] 
 
          (5) 
 
with the series resistance contribution of the base and rear side RS,back (see Ref [1]), the electron diffusion 
constant De, the metallisation fraction of the rear side f and the wafer thickness W. The classical analytical 
model assumes Spass = sn,pass and Smet = sn,met. The effective diffusion length follows as 
 
  
 
                 (6) 
 
 
with the  bulk diffusion length Lbulk. 
The simulated structure is a rear surface passivated p-type Si solar cell with local point contacts. We 
investigate three different bulk boron doping densities NA and point distances LP (square pattern) between 
200 and 1000 Pm at a wafer thickness of W = 170 Pm. In the numerical model, the contact points are of 
quadratic shape with a side length of 80 Pm. The analytical model applies circular contacts of the same 
area, leading to a radius of rcont = 45.1 Pm. 
To test the model, the simulated device shows a nearly ideal front side, including non-recombination 
active full area transparent metal contact, which translates into the analytical model by neglecting shading 
as well as any series resistance contribution from the front side. The shallow Gaussian emitter doping 
profile with a surface concentration of 1017 cm-3 and a profile depth of 1 Pm used in the numerical 
simulation yields an analytically modelled [15] dark saturation current density of J0e = 3 fA/cm2, applied 
in the analytical model. Thus, the device features recombination at the rear surface and in the bulk, details 
for the numerical model can be found in Ref. [2]. In the numerical model, the front side shows very good 
light trapping with upright pyramids, a high back reflection and no shading due to metal fingers. The 
cumulated generation profile obtained by the numerical raytracer is reproduced for the analytical model 
using the parameterisation from Ref. [1], leading to an excellent agreement for the cumulated generation 
profiles.  
Two different material qualities have been considered: float-zone (FZ), exhibiting no SRH 
recombination in the bulk and Czochralski-pulled (Cz) material with a high interstitial oxygen 
contamination of [Oi] = 1018 cm-3, leading to an injection dependent bulk carrier lifetime. 
The dashed lines in Figure 1 represent the classical analytical model assuming low level injection 
conditions. Apparently the open-circuit voltage VOC of the FZ devices is reproduced very well by the 
analytical model for highly doped material with specific resistivity of 0.5 and 1 :cm, respectively. 
However, for lower doping densities and higher contact spacing LP, the analytical model clearly 
underestimates VOC. In addition, due to the strongly injection dependent SRH recombination in the Cz 
device, assuming a global constant injection density of 'n = 5∙1014 cm-3 leads to a strong underestimation 
of VOC for lower doping densities (5 :cm).  
We find quite similar results on the predicted conversion efficiency K (Fig. 1): The analytical model 
reproduces the numerical data very well for highly doped FZ-Si. For lower doped FZ-Si and Cz-Si, the 
implemented model deviates up to 1.1 %abs from the numerical result. 
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Fig. 1. Analytically calculated open-circuit voltage (left) and conversion efficiency (right) in low level injection approximation 
(dashed) and with injection dependent modelling (solid lines) for the different bulk-materials FZ (top) and Cz (bottom). The 
numerical results (symbols) are shown for comparison 
3. Injection dependent modelling 
The deviation at high contact spacings and low doping densities most likely results from neglecting the 
injection dependence of physical parameters, such as SRH recombination at the surface and in the bulk. In 
this section, the classical analytical model is modified to account for injection dependent physical 
parameters. 
The model from Ref. [1] applies the two diode equation. A sweep of the junction voltage Vjunction in the 
IV-curve given by the two diode model  
 
   (7) 
 
with the external voltage Vext = Vjunction + J RS (J  < 0) yields the maximum power point (Jmpp, Vmpp), the 
open-circuit voltage VOC, and the short-circuit current density JSC for a given set of parameters. Further 
parameters are the photogenerated current density JPh, first and second diode dark saturation current 
densities J01, J02 (here J02 =0), global series and parallel resistance RS and RP (here Rp = 1 M:cm²) 
respectively, and the thermal voltage Vth = kBT/q. 
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To describe intermediate or high injection levels, the injection-dependence of the parameters in Eq. (7) 
has to be considered to determine (Jmpp, Vmpp) and VOC. The injection density 'njunction at the edge of the 
junction is related to the voltage drop Vjunction across it by [16] 
 
             (8) 
 
We estimate the injection density at the rear side by an iteration that gives the self-consistent value  
 
            (9) 
 
using Eqs (5) and (6), replacing De by Damb('nbulk), the ambipolar diffusion constant [17], in Eq (6). This 
iteration also applies the SRH formalism from Eq. (4) for injection-dependent Smet('nrear) and Spass('nrear)-
values as well as injection-dependent bulk diffusion length Lbulk = (Wbulk Damb)0.5 assuming a mean injection 
density in the bulk 'nbulk = Leff/W·('njunction - 'nrear) analogously to Eq. 9 for the calculation of Wbulk 
(Auger- [4] and SRH recombination for Cz-Si) and the injection dependence of the carrier mobility for 
scattering of carriers of different polarities [6, 5]. Note that Eq. (9) only holds at OC conditions and 
should be replaced by a more realistic equation. Using this iteration, we calculate an effective base dark 
saturation current at any working point of the solar cell 
 
           (10) 
 
which is then inserted in Eq. (7) . 
 
The series resistance RS = RS,front + RS,base,light is composed by the series resistance contribution of the 
front contacts and the emitter RS,front (here RS,front =0) and by the contribution of the base RS,base,light, which 
also includes the spreading resistance due to the local contacts at the rear side. The first term is nearly 
injection independent due to the high doping concentrations present in the emitter, whereas the base 
resistance RS,base,light is affected by the carrier concentration and mobility in the base leading to a 
significantly enhanced specific conductivity [2] and therefore to reduced resistance losses. In a first 
approach we introduce a injection dependent specific resistivity accounting for the injected holes being 
Ulight = (q Pp (NA + 'n))-1 and scale the resistance per contact in the analytical model with the factor 
Ulight / Udark. Here Udark is the specific resistivity of the material without injection Udark = (q Pp NA)-1 and Pp 
the (injection dependent) mobility for holes. 
Figure 2 shows IV-curves calculated numerically and with the analytical equations from the classical 
model as well as the adjusted model. This injection dependent model describes the diode characteristics 
for the 5 :cm FZ-material much better than the classical model (Fig. 2), especially at MPP. However, it 
seems that the adjusted model strongly overestimates VOC, which is discussed in the next section 
4. Considering high level injection effects 
The deviation at high contact spacings and low doping densities for the FZ- and to a minor degree for 
the Cz-material additionally results from the violation of low level injection conditions. While the FZ 
devices with resistivities of 0.5 and 1 :cm still exhibit low injection levels at OC with a normalised 
excess carrier density at the junction of 'njunction/NA = 0.06 and 0.17, respectively (at optimum LP), the 
5 :cm material clearly reaches an intermediate level of 'njunction/NA = 1.5. 
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We consider two effects which become of importance already at intermediate injection levels and 
reduce the external Voltage of the device: Firstly, the Dember voltage needs to be considered [17] 
  
           (11) 
 
with the carrier mobilities Pn, Pp and the injection density at the rear metal surface 'ncont. Secondly, the 
difference in chemical potential of the majority carriers at the junction and the metal surface due to their 
different concentrations at these points [17] reads 
 
                  (12) 
 
In a first approach, the injection density at the metal interface is estimated by (no iteration) 
 
                  (13) 
 
 
omitting the part of the device with passivated rear side by evaluating Leff assuming Seff = Smet but 
applying the physical parameters 'nrear and 'nbulk from the iteration above. Note again that this estimation 
is, as Eq. 9, not accurate in non OC conditions and should be replaced by an accurate description. 
5. Comparison with numerical results 
While the diode characteristics of the FZ device are already well reproduced by the LLI-approximation 
for highly doped material (Fig. 2), deviation of the low level approximation for very lowly doped material 
can be observed. The shape of the diode characteristics can’t be explained with injection dependent 
modelling, even when assuming a J0b to provide the same VOC. Our first implementations of injection 
dependent modelling improve the accordance with the numerical data but lead to strong overestimation of 
VOC. This problem solves by considering the high level injection corrections VDember and Vx.  
 
 
Fig. 2. IV-curves for the FZ-Si devices with a contact distance Lp = 1000 Pm. The analytical model reproduces the numerical data 
well for 0.5 :cm base material (left). For 5 :cm base material (right), injection independent modelling (points) clearly is unable to 
reproduce the diode characteristics even when assuming a dark saturation current J0b to provide the same VOC. In contrast, injection 
dependent modelling describes the characteristics better but clearly overestimates VOC. This improves significantly when considering 
the high level injection corrections VDember and Vx. Note that J02 = 0 here 
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Consequently, the accordance of the predicted VOC for the FZ material of the numerical and analytical 
results (Fig. 1) improves with these corrections, indicating that the deviation indeed mostly origins in the 
departure from low level injection conditions. The remaining deviation seems to originate mostly in the 
crude estimation of the injection density at the contact interface and in the lateral variation of the injection 
density even at the front junction above the metal contact, which is observed in the numerical data and not 
considered in the analytical model. The prediction for Cz devices improves strongly – as was expected 
due to the injection dependent bulk lifetime of the device.  
The agreement of the predicted efficiency (Fig. 1) with the numerical results further improves 
considering injection dependence in our first approach. For the simulated 5 :cm device, an efficiency 
deviation below 0.5 % absolute can be observed. For the more realistic Cz-Si device, the efficiency 
deviates less than 0.3 % absolute from the numerical result. Note that these devices represent an extreme 
case for the model and that for realistic front side and base material, much higher agreement between the 
analytical model and the numerical solution is expected since the parameters J01 and RS are not fully 
determined by the bulk and since low level injection conditions remain preserved for lower bulk doping 
densities, as can already be observed for the investigated Cz material. However, injection dependency 
could be significant for strongly injection dependent recombination as is observed e.g. in compensated 
material or for lowly doped material with high lifetimes, e.g. n-type silicon. 
6. Summary 
Analytical modelling shows good agreement with numerical modelling in low level injection 
conditions. Violation of low level injection conditions due to lower doped base material and injection 
dependent physical parameters, such as the SRH recombination in oxygen contaminated Cz silicon, 
require injection dependent modelling. The proposed corrections lead to much better agreement of the 
analytical model with the numerical calculations for the simulated device with an ideal front structure. 
For more realistic structures, the deviations from the numerical model are expected to further decrease 
since the front side will contribute significantly to the saturation current and the series resistance of the 
solar cell leading to less injection dependency in these parameters and additionally to lower injection 
densities. The calculation time of the analytical implementation increases for the presented additional im-
plementations but stays well in the range of one second on a desktop computer for a full contact distance 
variation (100 IV-curves). Therefore the presented analytical model seems to be a fast and accurate way 
to predict the optimum point contact spacing as well as the influence of different material parameters on 
the device even for devices exhibiting strongly injection dependent or high effective lifetimes and low 
doping densities and therefore leaving the low level injection regime. 
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